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(54) Optical signal shaping device for complex spectral shaping applications 



(57) The present nvention provides an optical sig- 
nal shaping device, such as a long period grating, for 
use with an optical fiber having a core of a first pre- 
scribed refractive index n t and a cladding of a second 
prescribed refractive index and configured to transmit 
an optical signal therethrough. The optical signal shap- 



ing device comprises a long period grating of predeter- 
mined length formed within the optical fiber. The long 
period grating has a nonuniform refractive index profile 
extending over at least a portion of the predetermined 
length and is configured to alter the optical signal to pro- 
duce an asymmetrical optical signal. 
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Description 

TECHNICAL FIELD OF THE INVENTION 

s The present invention is directed, in general, to optical systems and optical shaping devices and, more specifically, 

to optical syst ms and devices mp laying a chirped long period grating for complex spectral shaping applications. 

BACKGROUND OF THE INVENTION 

to Optical fibers are key components in modem telecommunications. These fibers are thin strands of glass capable 

for transmitting an optical signal containing a large amount of information over long distances. In essence, an optical 
fiber is a small diameter waveguide characterized by a core with a first index of refraction surrounded by a cladding 
having a second, tower index of ref raction. Typical optical fibers are made of high purity silica with minor concentrations 
of dopants to control the index of retraction. 

*5 As well known, single fibers can carry multiple packets of data that are multiplexed on tho fiber either by time 

division multiplexing where different slots of time are allocated to different packets or by wave division multiplexing 
where different wavelengths are allocated for different data channels. 

While signals can be transmitted over great distances through optical fibers, bit detection at me receiver becomes 
unreliable at maximum transmission distances that may vary with the particular fiber optic system. To remedy this 

20 problem, optical amplifiers are placed at intervals along the fiber, much as conventional amplifiers are used in analog 
coaxial-cable systems. The optical amplifier is a single component that delivers at its output a linearly amplified replica 
of the optical input signal . The optical amplifier is very flexible and can bo used for any modulation scheme at any bit-rate. 

However, optical amplifiers have two disadvantages associated with their use. First, when used in a WDM system 
where different wavelengths carry independent streams of information (or channels), the gain provided by the amplifier 

2& is not the same for all the channels. This is because the gain spectrum of the amplifier is nonuniform. This nonuniformity 
is evident even for signals that enter the amplifier with equal amplitudes and is considered the linear nonuniformity, 
since it does not depend on the intensity of the pulses entering the amplifier. For example, in an erbium doped fiber 
amplifier, the gam is maximum at around 1556 nm. As a result, the channel centered at 1 558 nm will be amplified the 
most whereas the channel at 1555 nm wilt not have the same amount of power as it emerges from the amplifier. As 

30 these optical channels travel through a succession of amplifiers, the optical pulses (signals) get repeatedly amplified. 
At this stage, a nonlinear property of the erbium ions in the fiber starts playing an important role. This nonlinear property 
can be best described as the amplifier's tendency of being partial to signals that enter with higher amplitude; that is, 
when two signals are incident into the amplifier, the one with the larger amplitude gets amplified more. When optical 
signals are repeatedly amplified through a succession of amplifiers, the nonuniform gain profile of the amplifier in 

35 conjunction with the nonlinear interactions in the erbium amplifier will further exacerbate the problem; that is, the already 
large signal centered at 1558 nm will get further amplified whereas the relatively lower amplitude signal at 1555 nm 
will encounter a smaller gain. This will load to an accelerated deterioration of tho signals that are not on the poak of 
the amplifier gain spectrum. It is therefore desirable to make the gain of each amplifier or chan of amplifiers with respect 
to wavelength as flat as possible with the use of an optical shaper. 

40 The second disadvantage with the use of the optical amplifiers currently available is that along with the signal 

being amplified there is generated an amplified spontaneous noise (ASE), which is typically centered at a different 
wavelength. This noise is detrimental to the integrity of the signal. For example, in an erbium amplifier, the peak of the 
erbium ASE is at 1532 nm. There is a need for a wavelength dependent loss element that will remove a spectral slice 
from the wavelengths immediately neighboring the signal wavelengths. More specifically, this wavelength dependent 

45 foss element should have zero loss at any of the signal wavelengths. In other words, the transmission spectrum of this 
device, which removes ASE, should have no side lobes on the longer wavelength side of its main transmission dip, 
since the signal wavelengths can start as low as 1545 nm. Similarly, in other types of lasers and amplifiers, such as 
Raman lasers and amplifiers, there is often a need for a similar device with no 6ide lobes on the shorter wavelength side. 
Long period gratings that couple light from a guided mode to a nonguided mode are known in the art. In general, 

60 a nonguided mode is a mode that is not confined to the core of an optical fiber but uses the regions around the core 
to travel small distances down the fiber Typically, a nonguided mode can bo a cladding mode, a radiation mode or in 
the case of a mufti layered fiber a ring mode. These long periods act as wavelength dependent toss elements and 
devices with transmission spectra that match the inverted gain of amplifiers have been previously demonstrated. If the 
spectral shapes are complex, two or more long period gratings can be combined to match spectra with symmetric 

55 multiple minima. The method involves mathematically breaking up tho spectrum into a sum of two (or three) Qaussians, 
making each individual filter and then splicing th devices together H wever : if the spectrum has only one minimum 
and is asymmetric, the problem of deconvolving the spectrum into a sum of several symmetric Gaussians using multiple 
conventional long period gratings becomes intractable. 
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Short period gratings that hav bean chirped by varying the ultra violet (uv) Bgfit intensity or placing strain on the 
optical fiber as th grating is writt n are also known. However, these short p hod gratings are not useful in removing 
certain complex spectral slices from th optical fib r. In short period gratings, such chirping techniques only cause to 
chang the peak wavelength broaden the grating and change the chromatic dispersion. They are not capable of match- 
ing the inverted spectrum of rare-earth doped amplifiers. Mor over, because they are short period gratings, they reflect 
the light backwards from th direction of propagation within the core and are not capabl of effectively r moving light 
from the core to the cladding in the forward direction. Therefore, they are not effective in removing undesirable gain 
from a given wavelength or removing certain complex spectra from the core without inducing back reflections. 

Therefore, there is a need in the art for an optical shaping device that can be selectively designed to match the 
asymmetric spectral shapes typically produced by rare-earth doped amplifiers to eilher thereby removing undesirable 
gain at a given wavelength or remove complex spectra from the core of the optical fiber. The optical shaper of the 
present invention provides such a device. 

SUMMARY OF THE INVENTION 

The present invention provides an optical signal shaping device for use with an optical fiber having a core of a first 
prescribed refractive index n t and a cladding of a second prescribed refractive index rv> and configured to transmit an 
optical signal therethrough. In a preferred embodiment, the optical signal shaping device comprises a long period 
grating of predetermined length formed within the optical fiber. The long period grating has a nonuniform refractive 
index profile extending over at least a portion of the predetermined length and is configured to after the optical signal 
to produce an asymmetrical optical signal. In one preferred embodiment, the nonuniform refractive index may include 
a plurality of nonuniformly spaced index perturbations over at least a portion of the length of the long period grating. 

In yet another preferred embodiment, the long period grating can be configured to divert at least a portion of a long 
wavelength positioned on a long wavelength side of a minima into the cladding, to thereby produce an asymmetrical 
optical signal having side lobes on the long wavelength side. More preferably however, the grating diverts a substantial 
portion of the long wavelength to the cladding to substantially eliminate it from the spectrum. 

In yet another aspect of the present invention, the long period grating is configured to divert at least a portion of 
a short wavelength on a short wavelength side of a minima info the cladding, to thereby produce an asymmetrical 
optical signal having side lobes on the short wavelength side of the minima More preferably however, the grating 
diverts a substantial portion of the short wavelength to the cladding to substantially eliminate it from the spectrum. 

Another aspect of the present invention includes an optical amplifier coupled to the optical fiber. The optical amplifier 
is of conventional design, preferably a rare-earth doped amplifier, such as an erbium-doped amplifier, and is capable 
of transmitting an amplified asymmetrical optical signal to the optical fiber In these applications, the long period grating 
is configured to divert at feast a portion of the amplified asymmetrical optical signal to the cladding and more preferably 
a substantial portion of the amplified asymmetrical optical signal to the cladding. 

The optical amplifier may produce an amplified asymmetrical optical signal that has a short wavelength on a short 
wavelength side of a minima of the asymmetrical optical signal. In such instances, the long period grating can bo 
configured to divert at least a portion of the short wavelength to the cladding and more preferably a substantial portion 
of the short wavelength into the cladding. Alternatively, the optical amplifier may produce an amplified asymmetrical 
optical signal that has a long wavelength on a long wavelength side of a minima of the amplified asymmetrical optical 
signal. In such instances, the long period grating is configured to divert at least a portion, and more preferably a sub- 
stantial portion, of the long wavelength to the cladding. 

In those instances where the optical amplifier imparts a gain to the amplified asymmetrical optical signal, the long 
period grating can be configured to divert a predetermined amount of the gain to the cladding. 

In another aspect of the present invention, there is provided a method for fabricating an optical signal shaping 
device The method comprises the steps of: 1) focusing a writing beam, preferably a laser, on an optical fiber along a 
predetermined length of a photosensitive portion of the optical fiber and 2) writing a nonuniform retractive index profile 
extending over at least a portion of the predetermined length such that the optical signal shaping device is configured 
to alter an optical signal to produce an asymmetrical optical signal. 

In one embodiment, the writing step includes the step of varying an intensity of the writing beam over the prede- 
termined length. In yet another embodiment, the writing step includes the steps of: 1) placing a grating mask over the 
optical fiber along the predetermined length, and 2) applying the writing beam through the long period grating mask 
onto the optical fiber wherein the long period grating mask has a plurality of nonuniformly spaced slits formed therein, 
to thereby form a plurality of nonuniformly spaced index perturbations over at least a portion of the predetermined 
length of the long period grating. 

In another aspect of the present method, the writing step includes the step of varying the residence time of the 
writing beam over the predetermined length, or alternatively, may include the step of straining the optical fiber over the 
predetermined length. 
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tn yet another aspect of th present method, the writing step includes writing th long p riod grating to divert at 
least a portion of a tang wavelength positioned on a long wavelength side of a minima into the cladding, to thereby 
produce an asymmetrical optical signal having side lobes on th long wavelength ski . 

In another aspect of the present method, th writing step includ s writing the long period grating to div rt at loast 
s a portion of a short wavelength on a short wavelength side of a minima into the cladding : to thereby produce an asym- 
metrical optical signal having side lobes on the short wavelength side of the minima. 

tn another aspect of the method invention, the amplified asymmetrical optical signal has a short wavelength on a 
short wavelength side of a minima of the asymmetrical optical signal and the long period grating is configured to divert 
at least a portion of the short wavelength to the cladding. Alternatively, the amplified asymmetrical optical signal may 
10 have a long wavelength on a long wavelength side of a minima of the amplified asymmetrical optical signal and the 
long period grating is configured to divert at least a portion of the long wavelength to the cladding. 

The foregoing has outlined rather broadly the features and technical advantages of the present invention so that 
those skilled h the art may better understand the detailed description of the invention that follows. Additional features 
and advantages of the invention will be described hereinafter that form the subject of the claims of the invention. Those 
is skilled in the art should appreciate that they can readily use the disclosed conception and specific embodiment as a 
basis for designing or modifying other structures for carrying out the same purposes of the present invention. Those 
skilled in the art should also realize that such equivalent constructions do not depart from the spirit and scope of the 
invention h its broadest form. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present invention, and the advantages thereof, reference is now made 
to the following descriptions taken in conjunction with the accompanying drawings, in which: 

2£ FIG. 1 illustrates a schematic diagram of an optical system in which the present invention is used; 

FIG. 1 A illustrates a schematic diagram of an incoming weak optical signal as it passes through the optical amplifier 
as it passes through the optical signal shaping device and as it leaves the optical signal shaping device; 
FIG 2 illustrates a schematic diagram of an apparatus useful in making the optical signal shaping device of the 
present invention; 

30 FIG. 3 illustrates a schematic cross section of one preferred embodiment of the optical signal shaping device of 

the present invention; 

FIG. 4A illustrates a graphical plot of a conventional simple uniform long period grating; 
FIG. 4B illustrates the symmetrical spectrum produced by the conventional long period grating; 
FIG 5 illustrates the complex, asymmetrical output spectrum of a conventional erbium-doped amplifier; 
as FIG. 6A illustrates a graphical plot of a complex nonuniform long period grating ol the present invention showing 

a varying intensity or periodicity along the length of the grating; 

FIG. 6B illustrates a complex asymmetrical spectrum produced by the grating of FIG. 6A shown by the solid line 
with side lobes formed on the long wavelength side of a minima, while the dashed represents the conventional 
spectrum first illustrated in FIG. 5B above; 
to FIG. 7A illustrates a graphical plot of another complex nonuniform long period grating of the present invention 

showing a varying intensity or periodicity along the length of the grating that produces the spectrum in FIG. 78 
below; 

FIG. 7B illustrates a complex asymmetrical spectrum produced by the grating of FIG. 7 A shown by the solid line 
with side lobes formed on the short wavelength side of a main minima, while the dashed represents the conventional 
spectrum first illustrated in FIG. 5B above; 

FIG 6A illustrates a graphical plot of yet another complex nonuniform long period grating of the present invention 
showing a varying intensity or periodicity along the length of the grating that produces the spectrum in FIG. SB 
below; 

FIG. 6B illustrates a complex asymmetrical spectrum produced by the grating of FIG. 6A; 
so FIG. 9A illustrates a graph of the residence time of a preferred method of manufacturing the long period grating 

of the present invention; and 

FIG. 98 illustrates the complex, asymmetrical spectrum with a side lobe on the short wavelength side ot a main 
minima produced by the grating of FIG. 9A 

FIG. 10A Illustrates a graph of the periodicity ot a preferred method of manufacturing the long period grating of 
55 the present invention; and 

FIG. 10B illustrates the complex, asymmetrical spectrum with a sid tobe on th long wavelength side o1 a main 
minima produced by the grating of FIG. 10A. 
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DETAILED DESCRIPTION 

Referring initially to FIG. 1 , th r is illustrated a schematic diagram of an optical system 10 in which th present 
invention is used. As shown, an optical signal 12 is transmitted over a conventional optical fiber 14. At maximum 
transmission distances, the optical signal 12 becomes weak, which makes it necessary for it to be amplified to insure 
high quality transmission of data. The weak optical signal 12 enters a conventional optical amplrfi r 16 and is nonuni- 
formly amplified as shown by the schematic spectra 18 in which each of the vertical lines in the schematic spectra 18a 
represent a different wavelength. 

As previously discussed, the optical amplifier 16 is a single component that delivers at its output a linearly amplified 
replica of the optical input signal 12. Unfortunately, however, as the optical signal 12 is amplified by the optical amplifier 
16, the different channels experience different gains and are output with different amplitudes 18a If gain is imparted 
to the optical signal 18, it continues to be further amplified as it passes through successive optical amplifiers that are 
placed along the length of the optical fiber 14. At a certain point, the gain associated with the center wavelength is 
acquired at the expense of adjacent wavelengths. Thus making them essenttally useless for data transmission pur- 
poses. Likewise, spectrally dependent noise sources on either side of the amplified wavelength can also that effectively 
add loss to the optical signal 18. Thus, it is highly desirable to place an optical shaping device 20, such as a long period 
grating 20a, of the present invention in the optical fiber 14 to remove any such gain or wavelengths. In a typical long 
period grating, the back reflected light is less than 1% of the transmitted light as opposed to a short period grating with 
a substantial portion of the light is reflected. The altered and equalized spectrum 22 illustrates how the optical shaper 
20 removes the undesirable gain from the spectrum to a quality transmission level. The optical shaping device 20 may 
be placed in the optical fiber 14 either before the optica! amplifier 16. in the middle of the optical amplifier 16 (i.e., 
inserted bottom two segments of a rare-earth doped fiber) or after the amplifier 1 6. However, the preferred position for 
the optical shaping device 20 is in the middle of the optical amplifier 1 6. As discussed below in detail, the optical shaping 
device 20 may be configured to remove either the undesirable gain or noise wavelengths or both to produce the am- 
plified, yet equalized optical signal 22. 

In FIG. 1 A there is schematically illustrated an eight channel wavelength division multiplexed system The incoming 
weak optical signal 12 enters the optical amplifier which produces the amplifier's spectrum 18. The dashed line 24 
represents Ihe preferred amount of gain necessary for quality data transmission. As shown in the illustration, the optical 
amplifier imparts additional gain 26, which is represented by that portion of the vertical lines extending above the 
dashed line 24, to certain wavelengths 28. The optical shaper produces a spectrum 30 that is essentially the inverted 
match of the amplifier's spectrum 18 and that removes the imparted gain 26, which is represented by that portion of 
the vertical lines that extends above the solid line and to produce the equalized, amplified signal 22. 

Turning now to FIG. 2.. there is illustrated a schematic diagram of an apparatus useful in making the optical signal 
shaping device of the present invention. The optical fiber 14 is preferably a single mode optical fiber that has a silica 
core 32 doped with a photosensitive material, such as germanium, phosphorous, tin or with electroptic or magnetooptic 
materials. Further, the optical fiber 14 may be loaded with molecular hydrogen or deuterium to enhance its photosen- 
sitivity. The optical shaping device can then be written by selectively exposing the core 32 to a beam of intense light. 
The optical shaping device is preferably comprised of a long period grating having a nonuniform refractive index profile 
extending over at least a portion of its length that is configured to alter the optical signal to produce an asymmetrical 
optical signal. The length of the optical shaping device may vary with the application, but typically, its length ranges 
from about one centimeter to about five centimeters. Some of the methods for selectively exposing the core 32 to me 
writing beam include, but are not necessarily limited to: 1 ) varying the residence time of the beam as a f unction of the 
predetermined length of the optical shaping device, 2) varying the intensity of the beam as a function of the optical 
shaping device'6 length, 3) varying the periodicity as a function of the optical shaping device's length or 4) straining 
the optical fiber 14 during exposure to the beam. The preferred exposure source is ultraviolet radiation from a Krypton 
Fluoride (KrF) exeimer laser 34, though other known sources of light used in photosensitive exposure processes may 
also be used. Proper spacing or light intensity, which is dependent on the spectrum of the particular optical amplifier, 
can be effected by exposing the optical fiber core 32 to a laser beam with varying intensities spread over the length of 
the optical shaper. The preferred intensity of the laser 34 is 1 00 m J/cm 2 with the laser 34 preferably having a wavelength 
of emission equal to 248 nm. Alternatively, as shown in FIG. 2, the optical fiber 14 can be exposed to a wide beam 
from a laser 34 through an amplitude mask 36 providing a plurality of transparent slits 38 at a variable spacing pattern 

A t , A 2 . A3,.... etc. and a varying spacing width w t , w* w 3 ,w 4 , etc. Preferably the exposure dosages for each slit 

38 is on the order of 1000 pluses of > 100 mJ/cm* fluence/pluse, and the number and spacing of perturbations range 
greatly depending on the specific optical shaping device. 

Whichever method is used, however, the result is an optical shaper having a nonuniform refractive index profile 
extending at least a portion of the optical shaper's length that is configured to alter the input optical signal to produce 
anasymm trical output optical signal wher in at least a portion of the optical signal is diverted to either the cor or the 
cladding, depending on the application. As used herein, anonuniform index profile is one that produces an asymmetrical 
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optical spectrum. An asymmetrical spectrum is on wh re there are no mirror images of spectral slic s on either side 
of the main transmission dip, i. . s main minima, when an optical signal is transmitted therethrough. These spectral 
slices are typically represented by side lobes appearing at a given wavelength on the spectrum, which are understood 
by those of skill in the art. that have greater transmission capability than the main minima. Moreover, they usually 

s appear adjacent to the main minima in the spectrum as illustrated herein and discussed below 

In some instance . how ver, it may be pr f rable to write (i.e., configur ) the nonuniform index profile to produce 
a substantially asymmetrical optical spectrum. What is meant by "substantially asymmetrical* is that the side lobes on 
only one side of the main minima are capable of effectively transmitting data in such instances, these side lobes may 
appear on both sides of the main minima, but the side lobes on only one side of the main minima are capable of 

10 affectively transmitting data in the forward propagating direction In many optical systems, the transmission dip for a 
given side lobe must be about 0.5 dB or less before data can be effectively transmitted at that side bbes wavelength. 

The nonunrformity of the refractive index profile may extend over only a portion of the optical shaper or it may 
extend over the entire length of the optical shaper. These varying refractive indices along the length of the optical 
shaper are a function of the way in which the refractive index profile is written into the optical shaper: for example, 
either by varying the width w of the perturbations, the Intensity of the writing beam, the amount of strain placed on the 
optical fiber 14 during the optical shaper core's 32 exposure to the beam, or varying the residence time of the writing 
beam along the optical shaped length. As used herein, the phrase 'residence time" means the amount of time at a 
particular point along me length of the optical shaper that the core 32 is exposed to the beam. 

Referring now to FIG. 3, there is illustrated a schematic cross section of an embodiment of an optical shaping 

20 device 20 of the present invention comprising a length of optica) fiber 14 for transmitting an optical signal in a forward 
propagating mode. The optical fiber 14 has a core 32 with a predetermined refractive index of rv, surrounded by a 
cladding 40 with a lower predetermined refractive index of rig. In some embodiments, the cladding 40 may comprise 
multiple layers of different indices, each possessing a different refractive index. Also, the core 32 refractive index r^ 
may not necessarily be a step function but may vary radially across the core 32. Preferably, the core 32 includes one 
or more optical shaping devices. In a preferred embodiment, the long period grating comprises a plurality of index 

perturbations p 1 , p 2 , P3, P41 Ps . etc* °* varying width w 1 , w 2: w 3 , ,etc. spaced apart by a varying periodic distance 

A|, A 2 , , etc. (i.e., periodicity) . The perturbations p,. p 2 , p 3 , p 4 , p & , etc. each have a different refractive index 

that is formed within the core 32 The perturbations p 1 , p 2 , P3. p 4 , p 5 , etc. are preferably formed at an angle of ft 

(2°£ e £ 90°) with the longitudinal axis of the optical fiber 1 4. In such configurations, the optical fiber 14 is designed to 

so transmit a broad band optical signal of wavelength X. 

As used in the present invention, a long period grating is a grating with a periodicity greater than the wavelength 
of light (typically greater than 2 microns) that couples a guided mode in an optical fiber to a forward propagating 
nonguided mode of the optical fiber; that is. the optical signal is not reflected as in a short period grating. A nonguided 
mode could be either a cladding mode, a radiation mode or a ring mode in the case of a multi-layer wave guide. The 

os core of the wave guide is defined as the central raised index region of the wave guide. The long period grating 20a 
works on the principle that for a given periodicity A, Vie guided core mode couples out to the unguided cladding mode 
when the following phase matching condition is met: n^ - n^ = XM. where n^ is the effective index of the core 
mode, n^ is the effective index of the cladding mode and X is the wavelength of the optical signal at which the equation 
is satisfied. By effective index of the modes, it is meant that the propagation constant of the individual modes, \\ is 

40 divided by the free space propagation constant k, where k = 2n/X such that, n wro = fi^K and n^ = ^ 0 |a</k. The 
above phase matching condition shows that one can modify any of the three free parameters at hand, namely the 
effective index of the core 32, the effective index of the cladding 40 or the grating 20a periodicity and change the 
wavelength at which the device operates. In general, the effective indices of the core n wre and cladding modes 
are directly dependent on the refractive indices (a material property) of both the core n, and the cladding ng. 

*s Given this general understanding, coupled mode equations have been formulated that allow predictions of how 

much of the core mode will go into the cladding mode at any given wavelength, and therefore allow the optical spectrum 
to be accurately predicted. The coupled mode equations account for the core mode. They account for the cladding 
mode, and they couple the two modes together using the refractive Index perturbations formed in the optical shaper 
20 of the present invention. Thus, these equations provide a way to predict how the core and cladding modes will be 

so affected by the optical shaper 20. 

Two modes in a waveguide exist with amplitudes U 0 (z) and V 0 (z). Theee modoe are co-propagating and they touch 
each other in the region where there exists a perturbation to the waveguide. The modes U and V evolve according 
to the coupled mode equations: 

ci'J 0 /dZ = jl k u U 0 + k u V 0 eH (1) 
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is 



$0 



<iV 0 /dZ * jl k^Uo 361 ♦ k„V 1 (2) 



s where 5 = P u - Pv 

The equations may be reduced by making the institution: 



V 0 = V,e^ 



dU tt /dz = IdUj/dr ♦ jkjjtjj e 

dV„ /dz = [dV t /dz + jkjaVj e Jk " 

£0 The equations are expressed in U, and V 1 as follows: 



dU l /dz = jk ia V 1 e Kk224t,, + * )z (3) 
dV./dz = JK22U, e Kk22 * 11 * 5) * (4) 



A second ord8r differential equation can then be generated for just U 1 as follows: 



d 2 U t /dz 2 - Kk^ -k lt + 6) dU/dz + k 12 k 21 U 1 = 0 (5) 

Using equation (5), U 1 and diydz at position z 2 can be solved if U, and dU/dz at position z 1 are known, and if k^, 
k n and 5 are constant between and z 2 . The solution to equation (5) then becomes: 

U^z^Ae^+Be* 2 

in a region of uniform index. The solution for U t along the grating is obtained by stepping z 1 ,z 2 ,... along the fiber 
40 and computing new coefficients A,B,a»and p at each step. The final solution for the transmitted intensity is: 

IU 0 I* = UU* 

45 The spectrum from any optical amplifier can be determined by conventional processes. To remove the unwanted 
portions of the optical amplifier's spectrum, an optical shaper producing an inverted spectrum of the optical amplifier's 
spectrum can be developed to remove those unwanted portions whether they be in the form of unwanted gain, noise 
wavelength or both. The above equations can be used to determine what nonuniform refractive index must be written 
into the optical shaper to remove the unwanted portion of the optical signal produced by the optical amplifier. 

60 Turning now to FIG. 4A, there is illustrated a graphical plot erf a conventional simple uniform long period grating 

having a length z of 5 cm. As seen by the graph, this grating has a uniform refractive index profile because there is no 
variation in the intensity I or periodicity A along the grating's length. 

The spectrum produced by the grating of FIG. 4A is illustrated in FIG. 4B. As shown, the spectrum produced by 
the uniform grating is symmetrical; that is. there is symmetry about the main minima 42, which represents a substantial 

55 dip in transmission. There is also illustrated a short wavelength side lobe 44 appearing on the short wavelength side 
44a of the main minima 42 and a long wavelength side lobe 46 appearing on the long wavelength side 46a of the main 
minima 42. Because of its symm try, this grating is unable to properly alter a complex, asymmetrical signal produced 
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by an optical amplifier as iituslral d in FIG. 5. 

Ref rring now to FIG. 6A, there is illustrated a graphical plot of a complex, nonuniform long period grating of the 
present invention showing a slightly inv rted Gaussian bean profile that has a varying intensity I or periodicity A along 
the grating's length of 5 cm. As previously stated, a chain of amplifiers is compensated because the spectrum resulting 
from sending a light signal of broad bandwidth through the amplffi rs gets distorted du to the asymmetric transfer 
function of th amplifiers. For a chain of erbium amplifi rs as are used in current optical communication systems op- 
erating at a wavelength around 1550 (nm), the asymmetry is present on the shorter wavelength side. In the spectrum 
illustrated in FIG S3, the wavelength of the main peak or main minima 48 is typically at 1 558 nm and the optical channels 
of the system are propagating from 1 550 nm on the short wavelength side 50 to 1 565 nm on the long wavelength side 52. 

FIG 68 illustrates the complex, asymmetrical spectrum produced by the grating of FIG. 6A represented by the 
solid line with side lobes 54 formed on the long wavelength side 52 of a main minima 48. The dashed line 56 represents 
the conventional symmetrical spectrum first illustrated in FIG. 48 above. While the asymmetry may appear slight, exact 
shape matching, within 0. 1 to 0.2 dB is critical to many optical systems. A key feature of this spectrum is that the side 
lobes 56a on the shorter wavelength side 50 are effectively removed at the expense of heightened side lobes 54 on 
the longer wavelength side 52. This phenomenon can be understood by a simple one-to-one correspondence between 
the refractive index change and the wavelength; if the induced refractive index change is low, shorter wavelengths are 
affected, and in contrast, as the induced refractive index changes increase, longer wavelengths start to be coupled 
out to the cladding. By making the grating intensity vary as in FIG. 6 A. the coupling for the longer and shorter wave- 
lengths is spatially separated. Overall, the spectrum will be broadened. In addition, it is believed that strong side lobes 
occur on the long wavelength side due to an interferometric beating between the core mode and the cladding mode. 
Thus, light at the longer wavelengths is only partially coupled into the cladding mode as it enters the grating. As the 
two modes propagate along the central region a differential phase delay is introduced that is wavelength dependent. 
Additional coupling then occurs at the far end of the long period grating. However, because there is a difference in 
phase between the two mode, the light beats between the two modes. The transmission spectrum, including beats on 
the long wavelength side is shown in FIG. 6B. The inverted Gaussian feature of the nonuniform refractive index profile 
thus creates a phenomenon known as modal beating and results in heightened lobes 54 at the long wavelength side 
52. On the short wavelength side 50, there are no side lobes This simplified explanation is useful only to obtain a 
physical understanding of the phenomenon. An accurate quantitative analysis requires the numerical solution of the 
above described coupled mode equations. 

Turning now to FIG. 7A, there is illustrated a graphical plot of another complex nonuniform long period grating of 
the present invention showing a varying intensity or periodicity along the length of the grating that produces the spectrum 
in FIG. 7B. FIG. 7B illustrates a complex asymmetrical spectrum produced by the grating of FIG. 7A shown by the solid 
line with side lobes 58 formed on the short wavelength side 60 of a main minima 62, while the dashed 64 represents 
the conventional spectrum first illustrated in FIG. 5B above. When a signal propagates in an erbium amplifier, noise is 
accumulated along with signal amplification, and this noise along with signal amplification typically predominate at 
wavelengths centered around 1530 nm. Thus, it is desirable to remove this representative spectral slice centered 
around 1530 nm without significantly affecting the signal which travels at X > 1550 nm. If a uniform beam is used to 
write a grating centered at 1530 nm, the side lobes that appear on the longer wavelength side., as in FIG. 4B, will 
effectively add loss to the signal wavelength as well. This loss is detrimental to system performance. As illustrated in 
FIG. 7B, the side lobes 66 appearing on the long wavelength side 68 have been removed, thereby making that portion 
of the spectrum available for quality transmission. In some applications, the side lobes may be only substantially re- 
moved; that is, the side lobe's transmission dip has been reduced to about 0.5 dB or less. 

Referring now to FIG. 8A, there is illustrated a graphical plot of yet another complex nonuniform long period grating 
of the present invention showing a varying intensity or periodicity along the length of the grating that produces the 
spectrum in FIG. 8B. FIG. 8B illustrates a complex asymmetrical spectrum produced by the grating of FIG. 8A. These 
two figures simply illustrate how the optical shaper of the present invention can produce a complex asymmetrical shape 
without having to concatenate several gratings. FIG. 8A is a schematic graph showing an refractive index/period profile 
that has multiple peaks which lead to a spectrum with a complicated shape with multiple maxima and minima. Such 
spectrum is useful for matching the shape of a single erbium amplifier over a broader wavelength range (typically 30-40 
nm wide) as shown in FIG. 5. 

Turning now to FIGS. 9A & 9B, there is respectively illustrated an actual graph of a writing beam residence time 
curve for a preferred long period grating covered by the present invention and a complex, asymmetrical spectrum with 
a side lobe on the short wavelength side of a main minima produced by the grating of FIG. 9A. The optical shaping 
device, was written in a conventional standard dispersion-shifted fiber that had approximately 10 mole percent of ger- 
manium in Its core. The optical fiber was loaded with molecular hydrogen (2% in core) and was then exposed to a 
beam from a KrF laser having a wavel ngth of emission equal to 248 nm The fluence of the beam was lOOmJfcm 2 
and the beam was scanned ov r a length of approximately one inch in accordance with the residence times reflected 
in FIG. 9A After the scanning was completed, the grating was annealed in any oven at 150*C for 24 hours, which 
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removed any residual hydrog n remaining in the core and also helped ras any unstabi defects that may have been 
created in th fiber. After the grating was removed from the oven, the resulting spectrum was measured as illustrated 
in FIG. 98. As deary shown in FIB. 9B. the side lobes on the long wav length side 70 of the main minima 72 were 
eliminated at the xpense of adding one strong lobe 72 on the short wavelength side 74. 

s Turning now to FIGS. 10A & 10B. there is r spectivery illustrated an actual graph showing the periodicity at a 

function of the length of a pr f rred long period grating pref rred and a complex, asymmetrical spectrum with a sid 
lobe on the long wavelength side of a main minima produced by the grating of FIG. IDA The optical shaping device, 
was written in a conventional standard dispersion-shifted fiber that had approximately 10 mole percent of germanium 
in its core. The optical fiber was loaded with molecular hydrogen (2% in core) and was then exposed to a beam from 

10 a KrF laser having a wavelength of emission equal to 248 nm through a mask having a periodicity as reflected in FIG. 
1 0A. The fluence of the beam was tOOmJ/cm 2 and the beam was scanned over a length of approximately one inch in 
accordance with the residence times reflected in FIG. 1 0A. After the scanning was completed, the grating was annealed 
in any oven at 150*C for 24 hours, which removed any residual hydrogen remaining in the core and also helped erase 
any unstable defects that may have been created in the fiber. After the grating was removed from me oven, the resulting 
spectrum was measured as Illustrated in FtG . 1 0B. As clearly shown in Fl B. 1 0B. the side lobes on the short wavelength 
side 76 of the main minima 80 were eliminated at the expense of adding one strong lobe 62 on the short wavelength 
side 84. 

Although the present invention and its advantages have been described in detail, those skilled in the art should 
understand that they can make various changes, substitutions and alterations herein without departing from the spirit 
20 and scope of the invention in its broadest form. 



Claims 

2S 1. For use with an optical fiber having a core of a first prescribed refractive index n, and a cladding of a second 
prescribed refractive index n 2 and configured to transmit an optical signal therethrough, an optical signal shaping 
device, comprising: 

a long period grating of predetermined length formed within said optical fiber, said long period grating having 
a nonuniform refractive index profile extending over at least a ponion of said predetermined length and configured 
50 to alter said optical signal to produce an asymmetrical optical signal, wherein at least a portion of said optical signal 

is diverted to said core or said cladding. 

2. The optical signal shaping device of Claim 1 wherein said long period grating has a plurality of nonuniformly spaced 
index perturbations over at least a portion of said length of sai6 long period grating 

35 

3. The optical signal shaping device of Claim 1 wherein 

said long period grating is configured to divert at least a portion of a long wavelength positioned on a long 
wavelength side of a minima into said cladding, to thereby produce an asymmetrical optical signal having side 
lobes on said long wavelength side. 

40 

4. The optical signal shaping device of Claim 1 wherein 

said long period grating is configured to divert at least a portion of a short wavelength on a short wavelength 
side of a minima Into said cladding, to thereby produce an asymmetrical optical signal having side lobes on said 
short wavelength side of said minima. 

45 

5. The optical signal shaping device of Claim 1 further comprising an optical amplifier coupled to said optical fiber, 
said optical amplifier capable of transmitting an amplified asymmetrical optical signal to said optical fiber and 
wherein said long period grating is configured to divert at least a portion of said amplified asymmetrical optical 
signal to said cladding. 

so 

6. The optical signal shaping device of Claim 5 wherein said optical amplifier id an erbium-doped optical amplifier. 

7. The optical signal shaping device of Claim 5 wherein said amplified asymmetrical optical signal has a short wave- 
length on a short wavelength side of a minima of said asymmetrical optical signal and said long period grating Is 

55 configured to divert at least a portion of said short wavelength to said cladding. 

& Th optical signal shaping device of Claim 5 wherein said amplified asymmetrical optical signal has a long wav - 
length on a long wavelength side of a minima of said amplified asymmetrical optical signal and said long period 
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grating is configured to divert at least a portion of said long wavelength to said cladding. 

9. The optical ignal shaping device of Claim 5 wh r in said long period grating is configured to divert a predetermined 
portion of a gain imparted to said amplified asymmetrical optical signal to said cladding. 

1 0. A method for fabricating an optical signal shaping device, comprising th steps of : 

focusing a writing beam on an optical fiber along a predetermined length of a photosensitive portion of said 
optical fiber, and 

writing a nonuniform refractive index profile extending over at least a portion of said predetermined length 
such that said optical signal shaping device is configured to alter an optical signal to produce an asymmetrical 
optical signal, wherein at least a portion of said optical signal is diverted to said core or said cladding. 

11. The method of Claim 10 wherein said writing step includes the step of varying an intensity of said writing beam 
over said predetermined length. 

12. The method of Claim 10 wherein said writing step includes the steps of: 

placing a grating mask over said optical fiber along said predetermined length; and 
applying said writing beam through said long period grating mask onto said optical fiber, said long period 
grating mask having a plurality of nonuniform^ spaced slits formed therein, to thereby form a plurality of non- 
uniform^ spaced index perturbations over at least a portion of said predetermined length of said long period 
grating. 

13. The method of Claim 10 wherein said writing step includes the step of varying the residence time of the writing 
beam over said predetermined length. 

14. The method of Claim 10 wherein said writing step includes straining said optical liber over said predetermined 
length. 

15. The method of Claim 10 wherein said writing step includes wrhing said long period grating to divert at least a 
portion of a long wavelength positioned on a long wavelength side of a minima into said cladding, to thereby 
produce an asymmetrical optical signal having side lobes on said short wavelength side. 

16. The method of Claim 10 wherein said writing step includes writing said long period grating to divert at least a 
portion of a short wavelength on a short wavelength side of a minima into said cladding, to thereby produce an 
asymmetrical optical signal having side lobes on said long wavelength side of said minima. 

17. The method of Claim 10 wherein said writing beam is a laser. 

16. An optical fiber transmission system, comprising: 

an optical fiber having a predetermined length and having a core of a first prescribed refractive index n t and 
a cladding of a second prescribed refractive index r^ and configured to transmit an optical signal therethrough; 
an optical signal shaping device including: 

a long period grating of predetermined length formed within a portion of said optical fiber, said long period 
grating having a nonuniform refractive index profile extending over at (east a portion of said predetermined 
length and conf igured to alter said optical signal to produce an asymmetrical optical signal; and 
an optical amplifier coupled to said optical fiber said optical amplifier capable of transmitting an amplified 
asymmetrical optical signal to said optical fiber, said long period grating configured to divert at least a portion 
of said amplified asymmetrical optical signal to said cladding. 

19. The optical fiber transmission system device of Claim 18 wherein said optical amplifier is an erbium-doped optical 
amplifier. 

20. Th optical fiber transmission syst m of Claim 18 wherein said long period grating is configured to divert at least 
a portion of a short wavelength on a short wavelength side of a minima into said cladding, to thereby produce an 
asymmetrical optical signal having side lobes on said short wavelength side of said minima 
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21. The optical fiber transmission system of Claim 18 wh r in said amplified asymm tricaJ optical signal has a short 
wavelength on a short wavelength side of a minima of said asymmetrical optical signal and said long period grating 
is configured to divert at least a portion of said short wavelength to said claddng. 

22. Th optical fiber transmission system of Claim 18 wherein said long period grating is configured to divert at least 
a portion of a long wavelength on a short wavelength side of a minima into said cladding, to thereby produce an 
asymmetrical optical signal having side lobes on said long wavelength side of said minima. 

23. The optical fiber transmission system of Claim 18 wherein said amplified asymmetrical optical signal has a long 
wavelength on a tang wavelength side of a minima of said amplified asymmetrical optical signal and said long 
period grating is configured to divert at least a portion of said tong wavelength to said cladding. 

24. The optical fiber transmission system of Claim 18 wherein said long period grating is coupled to said optical amplifier 
intermediate opposing ends of said optical amplifier. 
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FIG. 2 
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FIG. 4A 
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